Signal processing in bacterial chemotaxis relies on large sensory complexes consisting of thousands of protein molecules. These clusters create a scaffold that increases the efficiency of pathway reactions and amplifies and integrates chemotactic signals. The cluster core in Escherichia coli comprises a ternary complex composed of receptors, kinase CheA, and adaptor protein CheW. All other chemotaxis proteins localize to clusters by binding either directly to receptors or to CheA. Here, we used fluorescence recovery after photobleaching (FRAP) to investigate the turnover of chemotaxis proteins at the cluster and their mobility in the cytoplasm. We found that cluster exchange kinetics were proteinspecific and took place on several characteristic time scales that correspond to excitation, adaptation, and cell division, respectively. We further applied analytical and numerical data fitting to analyze intracellular protein diffusion and to estimate the rate constants of cluster equilibration in vivo. Our results indicate that the rates of protein turnover at the cluster have evolved to ensure optimal performance of the chemotaxis pathway.
Signal processing in bacterial chemotaxis relies on large sensory complexes consisting of thousands of protein molecules. These clusters create a scaffold that increases the efficiency of pathway reactions and amplifies and integrates chemotactic signals. The cluster core in Escherichia coli comprises a ternary complex composed of receptors, kinase CheA, and adaptor protein CheW. All other chemotaxis proteins localize to clusters by binding either directly to receptors or to CheA. Here, we used fluorescence recovery after photobleaching (FRAP) to investigate the turnover of chemotaxis proteins at the cluster and their mobility in the cytoplasm. We found that cluster exchange kinetics were proteinspecific and took place on several characteristic time scales that correspond to excitation, adaptation, and cell division, respectively. We further applied analytical and numerical data fitting to analyze intracellular protein diffusion and to estimate the rate constants of cluster equilibration in vivo. Our results indicate that the rates of protein turnover at the cluster have evolved to ensure optimal performance of the chemotaxis pathway.
bacteria ͉ chemotaxis ͉ diffusion ͉ FRAP ͉ signal transduction T he relatively simple chemotaxis signaling pathway in Escherichia coli, with analogues of its components-receptors, kinase, phosphatase, and adaptation system-common to many other networks, is an ideal model system for studying general principles of signal transduction (1) (2) (3) . In E. coli, allosteric interactions among receptors in chemosensory arrays or clusters ( Fig. 1) , where receptors of different ligand specificities are intermixed (4, 5) , integrate and amplify chemotactic stimuli. The networked receptors regulate the autophosphorylation activity of an associated kinase, CheA, which in turn controls the phosphorylation state of a small response regulator protein, CheY, to modulate the cell's flagellar motors. The signaling pathway also includes CheZ, a phosphatase of CheY-P. Excitatory signaling is rapid: changes in CheY phosphorylation level upon repellent or attractant stimulation take place in several hundreds of milliseconds (6) (7) (8) (9) .
In addition, the pathway includes an adaptation system, comprising methyltransferase CheR and methylesterase CheB, that adjusts the activity and sensitivity of the sensory complex by methylating and demethylating receptors. The adaptation system uses feedback from receptor and kinase activity to return CheY phosphorylation to a preset level even in the presence of high levels of chemoeffectors. The time course of the adaptation process depends on stimulus strength (10, 11) , varying from several seconds for weak stimuli to several minutes for strong stimuli.
Most of the reaction rates and binding constants for chemotaxis proteins have been measured in vitro, and the average intracellular protein concentrations under standard growth conditions were determined (12, 13) . This abundance of biochemical data has inspired multiple attempts at detailed kinetic analysis of the chemotaxis pathway (9, (13) (14) (15) (16) (17) , making it the most thoroughly modeled signaling pathway in biology.
One of the open questions in a quantitative understanding of the pathway is the role of spatial organization in chemotactic signaling. With few exceptions (18) , current computer models of chemotaxis do not take into account its spatial aspects, even though receptor clustering occurs in all studied bacterial chemotaxis systems. Spatiotemporal modeling of intracellular processes is a generally challenging task because of the crowded and nonhomogeneous nature of the cytoplasm (19) . However, several modeling approaches have been recently developed (20) (21) (22) , and the main limitation at this stage is a lack of quantitative information on the intracellular mobility and exchange kinetics of signaling proteins at the macromolecular complexes. To acquire a comprehensive set of such data for E. coli chemotaxis, we applied fluorescence recovery after photobleaching (FRAP) to a library of yellow fluorescent protein (YFP) fusions to all CheA autophosphorylates in a stimulation-dependent manner and transfers the phosphate group to either CheY or CheB, which share a common binding site on CheA. Phosphorylated CheY is either dephosphorylated by CheZ, which associates with clusters via binding to CheA, or is released into the cytoplasm where it can regulate the rotation of flagellar motors. CheR and CheB bind to the C terminus of receptors and add or remove, respectively, methyl groups on specific glutamate residues; CheB activity is enhanced by phosphorylation. Grayscale indicates stability of protein association with clusters as determined in this study, with darker shading corresponding to more stable association.
cytoplasmic chemotaxis proteins and to the aspartate receptor Tar and derived rate constants for protein diffusion and exchange at the cluster from the recovery curves.
Results

Measurements of Protein Mobility and Exchange at the Cluster.
In a typical FRAP experiment, we bleached fluorescence of a YFP fusion protein of interest (e.g., CheZ-YFP; Fig. 2 ) in the polar region of a cell and subsequently followed the recovery of fluorescence in that region by taking a series of images at varying time intervals. To facilitate data analysis, the fluorescence intensity in the region of interest (ROI) was normalized to the fluorescence of the entire cell at each time point; these ratio values were subsequently renormalized to the prebleach ratio (see Methods for details). Because of the limited resolution of fluorescence microscopy and the small size of bacterial cells, we always bleached a larger fraction of the cell volume than that occupied by a receptor cluster ( Fig. 2 a and c) . Consequently, the kinetics of fluorescence recovery in the cells that contained receptor clusters showed two phases: the initial fast recovery, which resulted from a diffusion-driven exchange of the fluorescent proteins in the cytoplasm, followed by a slower exchange between cluster-bound and cytoplasmic proteins (Fig. 2 a, c , and e). In a cell without clusters, only the fast diffusional phase was observed ( Fig. 2 b, d , and f ). In both cases, the relative fluorescence saturated around a value of one after recovery ( Fig.  2 e and f ), meaning that the proteins were largely equilibrated. To better separate the cluster exchange kinetics from diffusion, we performed our experiments in two different background strains, VS102 (⌬flgM) and VS116 (⌬flhC). The former has a functional chemotaxis system and correct protein stoichiometry but with average protein levels approximately sixfold above normal (15) , which leads to formation of larger receptor clusters and facilitates FRAP measurements (Fig. 2a) . The latter does not express any chemotaxis proteins and completely lacks clusters (Fig. 2b ). We applied this FRAP approach to analyze the mobility and cluster dynamics of YFP fusions to all cytoplasmic chemotaxis proteins and the aspartate receptor Tar. In our preliminary experiments, similar recovery kinetics were observed for the Cand N-terminal YFP fusions to the same protein (data not shown), and only the former were analyzed in greater detail (Fig.  3) . The exception was CheA, where an N-terminal fusion to a truncated protein lacking the first two CheA domains, YFPCheA ⌬258 , showed the best localization and was therefore used for detailed analysis. Except for CheY, the recovery kinetics of chemotaxis proteins at the cluster could be well separated from their diffusional exchange in the cytoplasm or in the membrane, as evidenced by comparison of the recovery curves for strains VS102 and VS116 ( Fig. 3 b-g , filled and open symbols, respectively). The decrease in fluorescence at the unbleached side of the cell was used as a control and always followed the same time course as fluorescence recovery at the bleached side (Fig. 3 
Insets).
Diffusional Exchange of Chemotaxis Proteins. The kinetics of diffusional recovery in the VS116 background fitted well to a function (Eq. 1 in Methods) proposed in ref. 23 , which takes into account the possibility of anomalous diffusion (see below) by including the parameter ␣. The estimated values of the half-time for diffusional recovery (t1 ͞2 ) were used to calculate the effective diffusion coefficient of a free protein, using the relation D Ϸ 0.07L 2 /t1 ͞2 (24, 25) , where L is the cell length. The values of diffusion coefficients estimated this way were validated by fitting the data with a numerically simulated model of protein diffusion [ Table 1 ; see Methods and supporting information (SI) Text for modeling and simulation details]. As expected, there was, on average, an inverse correlation between the size of a protein and its estimated diffusion coefficient, and the recovery for the transmembrane Tar-YFP was much slower than for cytoplasmic proteins. However, the experimental recovery curves in VS116 cells, where diffusion should be the only recovery factor, could not be fitted well by using a standard diffusion model (Fig. S1 ). These results indicate that both cytoplasmic and membrane proteins undergo anomalous rather than normal diffusion. Such anomalous diffusion, with the mean squared displacement of a protein growing less than linear in time, was described in refs. 19, 23, 24, 26 , and 27 and is believed to be due to the inhomogeneous viscosity of the cytoplasm and the cell membrane. Following an approach developed in refs. 28-30, we used the concept of binding to ghost particles to describe anomalous diffusion, which proved to be effective in fitting recovery curves in VS116 cells (Fig. S1 ).
Exchange of Proteins at the Cluster. Rates of fluorescence recovery at clusters in VS102 cells were determined by a diffusional component and an interaction component. The latter is characterized by the off-rate constants k off and the pseudo-first-order on-rate constant *k on ϭ k on S, where k on is the microscopic on-rate constant, and S is the number of available binding sites at the cluster (31) . When protein binding is much slower than diffusion (i.e., exchange at the cluster is reaction-dominated), the overall recovery kinetics can be clearly separated in two phases, with the binding part being approximated by an exponential decay (31, 32) . The criterion for such separation can be expressed as (*k on w 2 /D) Ͻ Ͻ 1, where w is the size of the bleached spot (31), and is fulfilled for all cytoplasmic protein fusions except CheY ( Table 1 ). The resulting function that combines both exchange components (Eq. 2 in Methods) was used to fit the recovery in the VS102 background, with the values of t1 ͞2 and ␣ substituted from the fits to the VS116 data. The values of obs derived from the fit to Eq. 2 characterize the turnover rate of the bound protein at the cluster, whereas the amplitudes of the fast and slow recovery phases, F and C, reflect the steady-state concentrations of free and bound protein, respectively ( Table 1) . As shown in SI Text, obs can be used to estimate the off-rate of protein dissociation from the cluster as k off Ϸ obs Ϫ1 (31, 32) . The pseudofirst-order on-rate can be estimated as *k on ϭ k off C/F (31).
The characteristic exchange time obs and the derived values of k off fell into several classes (Table 1) . CheY showed very fast recovery on the time scale of several seconds, which could not be clearly resolved from the recovery of the cytoplasmic fraction. In this case, the recovery could not be fitted by Eq. 2, and we used a numerical model simulation that incorporates anomalous diffusion and binding to estimate the value for k off . For CheB and CheR, recovery took Ϸ15 seconds; CheZ, CheA, and CheW showed slow recovery that took 5-10 minutes. For Tar, only a partial recovery was observed, with a large fraction of protein remaining immobile on the time scale of half an hour. In contrast, the relative fractions of bound and unbound protein showed similar values for all fusions except for CheY, where it could not be determined (Table 1) .
Discussion
Mobility of YFP Fusions to Chemotaxis Proteins.
On average, the mobility of cytoplasmic proteins showed the expected inverse correlation between size (i.e., molecular weight) and estimated diffusion coefficient (Table 1) . Cytoplasmic exchange was relatively fast: Even the largest proteins equilibrated with half-times of Ͻ1.5 s, comparable to the excitation time scale of chemotactic signaling. Numerical data fitting further suggested that cytoplasmic exchange of proteins could not be described by a simple effective diffusion even in absence of cluster formation (Fig. S1 ). Such anomalous mobility has been recently described in bacteria (19, 24) and in eukaryotes (23, 27) and implies that, on the time scale of our measurements, the motion of a protein is dominated by collisions with surrounding obstacles. In bacteria, which lack the extensive network of cytoskleletal filaments, such diffusive behavior is likely due to molecular crowding, the high density of macromolecules in the cytoplasm and in the inner membrane (19, 27 (36) , which is several times higher than our estimate. The discrepancy can be attributed to the difference in the measurement techniques, with FRAP analysis underestimating the rapidly diffusing fraction of a protein because of the small size of bacterial cells and the limited time resolution of a FRAP experiment (0.33 s), and with FCS missing a slowly diffusing fraction.
Multiple Time Scales of Protein Exchange at a Cluster. Measured turnover times enabled us to distinguish several classes of proteins bound to the sensory cluster (Fig. 1) . Receptors form a stable core for the cluster. Its extremely high stability-longer than a cell generation-may be explained by multiple interactions among receptors and with CheA and CheW, which hold receptors together within the cluster. CheW and CheA also exchange slowly, but faster than receptors; the observed characteristic time of Ϸ12 min agrees well with published in vitro data (37) . The receptor-CheW-CheA complex is therefore stable on the time scale of response and adaptation. With the exchange time of Ϸ8 min, CheZ can be considered a further part of the stable cluster core. Such stable association of the phosphatase with the cluster presumably helps to prevent formation of a CheY-P gradient in the cytoplasm (9, 38) . The residual slow exchange of the cytoplasmic cluster components might be beneficial to ensure that all sensory complexes in the cell have similar stoichiometry, which might be important because the ratio of receptors to CheW to CheA has been shown to affect the regulation of kinase activity by receptors (4).
CheR and CheB enzymes that participate in adaptation represent the next level of stability. Their equilibration times of Ϸ15 s are substantially longer than the characteristic response (excitation) time of the chemotaxis system (Ϸ0.1-1 s) (6) (7) (8) (9) or the typical run time of an adapted swimming cell (Ϸ2 s) (39) but are comparable with the time required for adaptation to saturating stimuli (10, 11) . Equilibration on this time scale would ensure a uniform distribution of adaptation enzymes in a cluster and between multiple clusters in the same cell and might be particularly important because of the low copy numbers of CheR and CheB in the cell (200-400), compared with Ϸ15,000 receptors and 3,000-8,000 copies of all other cytoplasmic proteins (12) . Low ration of adaptation enzymes to receptors implies that they have to move around the cluster during the adaptation process to sample all available methylation sites (40) . However, the dwell time of CheR and CheB has to be long enough to allow slow adaptation kinetics. Notably, the observed equilibration time of the adaptation enzymes matches well the correlation time of observed slow fluctuations in the bias of flagellar motors (41) . Such fluctuations are believed to be important for optimizing bacterial search behavior. Our results support the idea that these fluctuations arise from the stochastic binding and unbinding of CheR and CheB at the cluster (41) .
CheY is the only protein that showed rapid exchange kinetics on the signaling time scale, which is consistent with its role as messenger between the spatially localized sensory clusters and flagellar motors. Indeed, previous analysis suggested that the response rate in chemotaxis might be limited by the diffusion of CheY, rather than by its dissociation or phosphotransfer rate (9) .
It was proposed that multivalent chemotaxis proteinsreceptors, CheA, CheR, CheB, CheZ-can move twodimensionally along the cluster without dissociation, through consecutive unbinding and reattachment of individual domains, or molecular brachiation (40) . In our experiments, however, the recovery kinetics upon bleaching of only a part of the cluster were similar to those for the whole-cluster bleaching (data not shown), suggesting that the exchange of all of these proteins takes place primarily through equilibration with the cytoplasmic (or membrane) pool.
The exchange rates in our work were determined for nongrowing adapted cells, under conditions that are used for most quantitative chemotaxis experiments and typically described by computer models. However, the stability of the receptor cluster is likely to be affected by the signaling and adaptation state of the pathway, with changes in ligand binding and protein methylation or phopshorylation influencing not only proteins' conformations but also rate constants of their binding and dissociation. Indeed, the assembly rate of the cluster core was shown to depend on the state of receptor modification in vitro (42) . Such dependence could potentially allow regulation of protein stoichiometry and the size of receptor clusters in response to stimulation and thereby play an important role in signaling.
In conclusion, in this work, we systematically mapped in vivo dynamics of chemosensory clusters in E. coli. Taken together, our results fill one of the last gaps in a quantitative description of the otherwise extremely thoroughly studied chemotaxis pathway. The rates of exchange at the cluster appear to match the signaling functions of the chemotaxis proteins, extending our view of the pathway as an evolutionarily optimized system (15, 43, 44) .
Methods
Bacterial Strains and Plasmids. Strains VS102 and VS116 were derived from E. coli K-12 strain RP437 (45) . VS102 carries a deletion of the anti-sigma factor flgM, negative regulator of class III flagellar and chemotaxis genes, and consequently overexpresses all chemotaxis proteins by Ϸ6-fold (15). VS116 is deleted for flhC, a master activator of flagellar and chemotaxis gene expression and does not express any chemotaxis proteins (46) . Both strains were transformed with plasmids encoding fusions of chemotaxis proteins to enhanced yellow fluorescent protein (YFP). Fusions were expressed under control of a pTrc promoter (47) , which is inducible by isopropyl-␤-D-thiogalactopyranoside (IPTG). Optimal levels of induction for individual constructs were determined by a visual microscopic examination. All plasmids and corresponding induction levels are summarized in Table S1 .
Cell Growth and Preparation. Overnight cultures were grown at 30°C in 5 ml of tryptone broth (TB) [10 g/liter tryptone and 5 g/liter NaCl (pH 7.0)] containing 100 g/ml ampicillin. Daily cultures were prepared by diluting the overnight culture 1:100 in 10 ml of TB containing 100 g/ml ampicillin and the appropriate concentration of IPTG (Table S1 ). These cultures were grown in a Unitron rotary shaker (Infors AG) at 34°C and 275 rpm to OD 600 Ϸ 0.45-0.5, washed once in tethering buffer [10 mM KH 2 PO 4 /K 2 HPO 4 , 0.1 mM EDTA, 10 mM sodium lactate, 67 mM NaCl, and 1 M methionine (pH 7.0)] and resuspended in 10 ml of tethering buffer. The cells were incubated at 4°C for at least 1 h to stop growth and protein production and were immobilized for FRAP experiments on (poly)L-lysin-coated coverslips for 5 min.
FRAP Analyses. Measurements were performed on a laserscanning confocal microscope (Leica TCS SP2) equipped with a 20-mW argon laser and a FRAP software module. Cells expressing YFP fusion proteins were visualized through a 63ϫ oil objective, using a 514-nm laser line and a YFP emission channel (525-650 nm) with a ϫ32 zoom magnification. All measurements were performed at 20°C. Cells with similar levels of f luorescence were selected for bleaching experiments, and subsequent image analysis confirmed that the difference in f luorescence among cells expressing different fusions was less than threefold. Fluorescence of the (polar) region of interest (ROI) was bleached with two 0.336-s laser scans at 50% laser intensity; prebleach image and postbleach image sequences were acquired with 1-5% laser intensity. Postbleach image series consisted of 10 images taken every 0.336 s, 10 images taken every 3 s, and 5-40 images taken every 30 s, using bidirectional scanning.
Image Analyses. Images (512 ϫ 512 pixels) of a FRAP sequence were recorded by using Leica Confocal software, Version 2.61, and were subsequently analyzed by using ImageJ software, Version 1.34l (W. Rasband, National Institutes of Health, Bethesda, MD; http://rsb.info.nih.gov/ij). Fluorescence intensity of the polar ROI (defined as 52 pixels) was measured automatically in image sequences, using a custom-written ImageJ plug-in. The length of this region was Ϸ23% of the average cell length, Ϸ230 pixels, or 3.3 m. We compensated gradual bleaching of the image during scanning by normalizing the f luorescence of the ROI to the integral f luorescence of the entire cell in the same image. To facilitate comparison of multiple experiments with different bleaching depth and different cluster intensity, the relative f luorescence intensity of the ROI in the image sequence was normalized again to the relative ROI intensity before bleaching. Data were subsequently processed by using KaleidaGraph software, Version 3.6 (Synergy Software). To determine the bleach profile (Fig.  2) , f luorescence intensity was measured by using ImageJ within a stripe drawn over the entire cell length. The resulting profile was smoothed by using Smooth function of KaleidaGraph.
Data fitting. Fluorescence recovery due to diffusional exchange in strain VS116 was approximated as
where F 0 is relative fluorescence intensity after bleaching, F ϱ is intensity after recovery, t1 ͞2 is the half-time of recovery, and ␣ is the factor accounting for the anomalous diffusion (23) .
Biphasic fluorescence recovery in presence of cluster association (strain VS102) was treated as a combination of the purely diffusional equilibration and protein exchange at the cluster, with the latter being approximated by an exponential decay with a characteristic time obs (31, 32) ,
with F ϭ F ϱ Ϫ F 0 and C being relative steady-state concentrations of free and cluster-bound fluorescent protein, respectively. Such separation is valid as long as the diffusional equilibration is much faster, and the pseudo-first-order on-rate constant *k on of protein binding at the cluster is not diffusionlimited, i.e., (*k on w 2 /D) Ͻ Ͻ 1, where w is the size of the bleached spot (31); this condition is fulfilled for all proteins except CheY (Table 1) . Values for t1 ͞2 and ␣ that have been estimated from the VS116 data were substituted into Eq. 2. As shown in SI Text, the value of obs can be used to estimate the off-rate constant of protein dissociation from the cluster as k off Ϸ obs Ϫ1 .
Numerical Simulation of Anomalous Diffusion and Cluster Binding.
VPLAN software package (48) was used to estimate the values of diffusion coefficients and binding rates by fitting the data to the reaction-diffusion equations as described in SI Text. Even in absence of clustering, fluorescence recovery could not be fitted well by simple diffusion, indicating anomalous protein diffusion in the cell. Such anomalous diffusion was modeled by using a concept of ghost particles (28) (29) (30) , which mimic virtual reaction partners and artificially delay diffusion of proteins. The values of diffusion parameters were estimated in absence of clustering. For CheY-YFP, these values were used to estimate the value for k off in presence of clustering. Parameter estimation was performed by discretizing the spatial coordinate of the model into 100 equally spaced grid points; estimation outcome was the same with slightly smaller and with much larger numbers of distributed grid points. Discretization of the spatial derivatives was done according to the finite difference method and initial values were set in accordance with the measured data. See SI Methods for details.
